Abstract-This paper reports an electrophoresis-based microfluidic ion nutrient sensor for the detection of anions in soil solution samples. The sensor is able to analyze the concentration of various anions in extracted soil solutions with high sensitivity as well as high specificity, while it is an approach requiring no labels. The electrophoretic microchip integrates a pair of in-plane conductivity detection microelectrodes. A programmable high voltage power supply unit was designed to achieve precise control over voltage potentials needed for sample and buffer injection and ion separation. An electrical conductivity detector was designed to extract and process the changes in conductivity due to the arrivals of separated anions at the electrodes at various times. An arrival time serves to identify an anionic species, while the peak height indicates the concentration. A soil water extraction device was also designed to extract the soil solution analyte from the bulk soil, by applying vacuum suction. Only a minute amount of solution (on the order of µL) is needed for the electrophoretic measurement. Extracted soil solutions were analyzed for ionic concentrations to demonstrate the feasibility of using this microfluidic sensor, showing a limit of detection of about 7.25 µM.
I. INTRODUCTION
S ENSORS-ENABLED nutrient management for sustainable agriculture is of great societal interest [1] - [4] . In fact, "managing the nitrogen-cycle" is one of the 14 grand challenges put forth by the U.S. National Academy of Engineering. By measuring the available plant nutrients in soil, a more precise nutrient application can be achieved in farming [5] , [6] . Sensing the changes in the nutrient ion concentrations is vital for providing the nutrient-sufficient conditions for a maximal plant growth and yield [7] . Therefore, a soil nutrient sensor is important for optimizing nutrient management.
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Digital Object Identifier 10.1109/JSEN. 2017.2704918 or electrochemical [20] . For the detection of nutrient ions in the soil, common measurement practices include the use of ion chromatography [21] , spectrophotometry [22] , ion-selective electrodes (ISEs), and electrochemical sensors [23] . Among these, chromatography and spectrophotometry are limited to laboratory settings, while the goal here is design of affordable sensors for site-specific and real-time measurements. ISEbased sensors are field deployable and can convert the activity of a specific ion in a solution into an electrical signal [24] . They, however, rely on specific ion-selective membranes that may degrade over time or may not even be available for certain ions (e.g., for phosphorous ions PO 3− 4 ). Enzymatic electrochemical sensors, using an ion-specific enzyme for molecular recognition, have also been developed to realize detection of a specific ion [25] . Similar to ISEs, this type of sensors are affected by their life time and the availability of the ion-specific enzymes.
To address the issues of sensor life and stability, limited by the recognition agent employed, here we present a label-free design based on the electrophoretic separation of ions and electrical measurements of the conductivity at the end of the electrophoretic channel. There exist other prior applications of electrophoretic separation based sensing. For example, capillary electrophoresis has been used for DNA separation [26] , monitoring chemical reactions [27] , biomolecules analysis [28] , and clinical diagnostics [29] . These applications rely on the fact that bio-particles exhibit different mobility characteristics under an electric potential [30] . The commercial electrophoresis instruments with classic capillaries are often equipped with optical absorption or fluorescence detectors [31] - [34] and allow for a single-molecule level sensitivity, but are bulky and not meant for field applications [35] . Keeping miniaturization and portability in mind, microfluidic devices for chemical analysis and biological assays have recently received considerable attention [36] . In particular, microchipscale electrophoresis for separation and detection has been studied for many applications and is considerably compact [37] - [40] . In contrast to the commercial electrophoresis instruments, the microchip-based electrophoresis devices integrate simple and effective electrical detection methods [41] . This allows downscaling the detector size without scarifying sensitivity. While many microfluidic electrophoretic devices have been reported as cited above, the application to soil nutrient detection remains limited.
This paper reports a microfluidic electrophoretic nutrient sensor system capable of separating and quantifying inorganic anions in minute (micro-liter) amounts of soil solution samples. A vacuum suction-based soil solution extraction unit was also designed to enable in situ application. Different ions were separated as they travel along an electrophoretic channel under the influence of an applied electrical field, owing to their differential electrical mobilities. The sensor system includes a microfluidic electrophoresis chip with microelectrodes, a voltage application control unit, and an electrical conductivity measurement unit, all of which were designed and implemented ( Fig. 1(a), (b) ). A mixture of anions in the extracted soil water, including chloride (Cl − ), nitrate (NO , was successfully separated and detected using the developed system, showing ion separation based on travel time along the electrophoretic microchannel, with the detection peak levels corresponding to the ion concentrations. As this device required only a minute amount of the extracted soil solution on the order of microliters, the sensor would make a negligible response to the measured environment. The detected ions contain the most important elements for plant growth, such as Nitrogen (N), Phosphorus (P), and Sulfur (S). Therefore, the developed sensing system has the potential to monitor soil's nutritional health. As mentioned above, no labeling process of analyterecognition is necessary for the presented sensing approach. In addition, the design of the soil water solution extraction unit makes the overall system suitable for an in situ application.
II. PRINCIPLE AND DESIGN

A. Principle
The electrophoretic separation of the ions in a solution takes place due to the differences in the ion mobilities under the influence of an applied electric field. The two together determine the velocity of an ion in an electrophoretic channel:
where v is the ion velocity, μ e is the electrophoretic mobility, and E is the applied electric field [42] . The buffer solution used in the electrophoresis microchannel also admits an electro-osmotic flow (EOF) under the influence of the same electric field [43] . The EOF is superimposed with the ionic mobility to determine an analyte's overall electrophoretic migration rate, and may reinforce or oppose it [44] . Hence, the net ion-velocity v net is:
where μ E O F denotes the EOF mobility. Accordingly, different ionic species arrive at and pass through a detector at different time points while traveling through the electrophoretic microchannel. An electrical conductivity measurement at the microelectrodes, placed at the far end of the microchannel, is a simple means to detect the arrival time and the concentrations of the separated ions. As the ions pass through the detection area, the concentrations of ionic species in the detection area change, thus changing the measured electrical conductivity. These ionic separations and the corresponding changes in the conductivity measurements show up as multiple peaks in a plot of conductivity versus time. At the low concentrations of our setting, the conductivity at any given time is given by [45] :
where κ is the electrolytic conductivity measured at the electrodes, c i is the molar concentration of the ionic species i in the solution, z i is the ionic charge, and λ i is the equivalent conductance of the i th ion species.
B. Electrophoretic Microchip
The designed electrophoresis microchip is shown in Fig. 1(c) , with its schematic shown in Fig. 1(d) . The microchip has the dimensions of 50 mm (length) × 25 mm (width) × 4 mm (height) and is made of polydimethylsiloxane (PDMS) laid over a thin 130 μm-thick glass slide that is deposited with two gold microelectrodes on the face opposite to the PDMS layer. Two perpendicular intersecting microfluidic channels are located within the PDMS layer. The shorter channel (length: 14 mm) is used for sample loading while the longer one (length: 43.5 mm) for the ion separation. Both the channels are 200 μm wide and 50 μm deep. The two gold microelectrodes, that are formed on the flip side of the glass substrate, are each 400 μm wide, and orthogonally crossed with the separation channel. The gap between the two microelectrodes is 200 μm [46] . Two sample and buffer inlets, and their corresponding outlets are located at the ends of the loading and the separation channels, respectively. Fig. 1 (e) shows the fluid manipulation processes for the buffer and the analyte solutions, and to separate the ions in the analyte solution using electrophoresis.
C. Fabrication Process
The fabrication process for the microchip is schematically shown in Fig. 2 . First, the detection electrode materials, consisting of 5 nm titanium and 80 nm gold, were sputtered on the surface of the thin glass substrate (60 mm × 25 mm × 0.13 mm, Superslip® cover glasses, Ted Pella, Redding, CA). Subsequently, a 1.5 μm-thick photoresist (AZ 5214, MicroChem Corp, Westborough, MA) was spin-coated on the device surface and then photo-patterned by conventional photolithography. After removal of titanium and gold from the unwanted area using an etchant solution (GE-8148, Transene, Danvers, MA), the device was flushed with acetone to thoroughly remove the remaining photoresist. Thereby, the microelectrodes were formed.
Next, separately, the PDMS microchannels were fabricated using soft lithography. For this step, a silicon wafer with photoresist SU-8 (3050; MicroChem, Westborough, MA) was spin-coated at 3000 rpm for 30 s to generate 50 μm-thick SU-8 on the surface. Then, the wafer was baked at 65°C for 5 min and 90°C for 1 hr. Subsequently, the wafer was exposed to an ultraviolet light with another photomask, baked at 90°C for 30 min, and developed to form a master mold for the microfluidic channels. Following that, PDMS solution and its curing agent (Sylgard 184, Dow Corning, Auburn, MI) with a weight ratio of 10:1 was mixed, degassed, poured on the master mold and thermally cured at 70°C for 2 hr on a hotplate. The PDMS channel layer was peeled off and necessary holes were formed using a manual punch. Finally, the thin glass substrate was bonded with the PDMS channel layer by 10 sec oxygen plasma treatment using a FEMTO Plasma Cleaner (8 psi; 100 watts; Diener Electronic, Ebhausen, Germany). 
D. Programmable High-Voltage Power Supply Unit
A programmable power supply unit was designed to provide precise electrical potentials to load a sample solution and separate ions. The unit, shown in Fig. 1b and Fig. 3 , includes three main parts: Two high voltage DC to DC converters (CA10P, XP EMCO, Sutter Creek, CA), two digital to analog converters (DACs, MCP4725, Adafruit Industries, New York City, NY), and an Arduino microcontroller. The microcontroller controls the two sets of DACs and DC to DC converters, with one set providing a DC voltage V inj between the sample inlet and the sample waste outlet, and the other providing another DC voltage V sep between the buffer inlet and the buffer waste outlet, as shown in Fig. 1(d) . Specifically, the microcontroller provides a digital control output, which is converted to an analog DC voltage between 0 and 5 V by the DAC. The DC-to-DC high voltage module elevates the low DC voltage to a high DC voltage up to 1000 V linearly. Therefore, the voltage values V inj and V sep can be obtained and flexibly programmed. Two pairs of electric wires are inserted into the corresponding inlets and outlets for applying the two voltages for the sample injection and the ion separation.
E. Conductivity Detection Unit
An electrical circuit model for the two microelectrodesbased detection region of the electrophoretic microchip consists of a bulk solution resistor (R S ), two parasitic capacitors (C S ) and a bypass capacitor (C W ) between the two microelectrodes, as shown in the red-dashed area of the left side of Fig. 4(a) . This equivalent circuit was integrated with the conductivity detection unit, as shown in the blue-dashed areas in Fig. 4(a) . The conductivity detection circuit was designed based on the principle of capacitively coupled conductivity detection [47] . The signal generator provides a sinusoidal signal of 5 mV p−p on one microelectrode of the electrophoretic microchip, while its response is measured at the second microelectrode, through an I-V converter, a rectifier, and a low-pass filter. Thus, besides the sinusoidal activation, the conductivity detection circuit is used to extract, filter, amplify and transfer detected signals for analysis. The I-V convertor transforms the detected current to voltage; the voltage is rectified and low-pass filtered to suppress the "carrier" sinusoid. Two diodes are used to obtain the rectification. The resulting signal from the circuit is acquired by a multimeter.
The equivalent circuit of the two electrodes area was analyzed to obtain an equivalent impedance Z eq as in Eq. (4), with its resistive and reactive values given in Eqs. (5) and (6) respectively:
where R S is the solution resistance, X S is the parasitic reactance, X W is the bypass reactance, and ω is the angular frequency of an applied signal. Fig. 4(b) shows the measured and simulated magnitude frequency response of the output signal of the circuit shown in Fig. 4(a) . The component values used in the simulation were identified by measurements: solution resistance, Rs =∼ 140 k , parasitic capacitance, Cs =∼ 20 nF, and bypass capacitance, Cw =∼ 0.8 nF. The maximum response was observed at 62 kHz which was chosen as the carrier sinusoid frequency to favor a high output response for the circuit.
F. Soil Solution Extraction
In additional to the electrophoretic chip and the detection unit, a vacuum-based suction unit was also designed for the in situ extraction of soil solution. This unit consists of a suction head, a poly(methyl methacrylate) or PMMA-based collection chamber, and a mini-vacuum pump (Fig. 5(a) ). The suction head structure is as shown in Fig. 5(b) . A main component in the suction head is a microfiltration tubular module, consisting of a ceramic capillary tube (hydrophilic membrane composed of a blend of polyvinylpyrrolidine and polyethersulfone; mean pore size: 0.15 μm) and high pressure polyetheretherketone or PEEK tubing. The PEEK tubing of the soil water suction unit is connected with the vacuum input of the PMMA soil water collection chamber. The vacuum output is connected the vacuum pump (VMP1625MX-12-90-CH, Virtual Industries, Inc, Colorado Springs, CO, USA. Mini-Pump with 12 volt MAXON motor; flow rate: 1300mL/min; develops 18in/Hg. 16psi.). This collection chamber has an embedded plastic sphere (Fig. 5(c) ). The floating sphere works as a valve and can be set to work in the ON and OFF phases (Fig. 5(d) ). When the vacuum pump starts exhausting the air from the PMMA device, a low-pressure environment is built in the upper chamber, and the sphere valve gets stuck to the top end of the vertical channel, which is referred to as the "ON" mode. The system then begins to extract solution from soil through the suction head and accumulates it in the chamber atop of the sphere valve. When the extraction is completed, the pump is switched so as to fill air into the chamber. This causes the sphere to fall down, referred to as the "OFF" mode, allowing the collected solution to be delivered below (Fig 5(d) ) for loading into the electrophoretic microchip.
The performance of the extraction unit was tested under different soil water potential conditions. When the soil water potential was high, which means wet soil, the extraction rate was also high (e.g., 26.3 ± 1.73 μL/hr at −13 kPa). The extraction rate dropped significantly with decreasing soil water potential (Fig. 5(e) ).
III. ELECTROPHORETIC CHIP TESTING
The buffer solution used for on-chip electrophoresis was chosen to be 2-[N-Morpholino]ethanesulfonic acid (MES)/ Histidine (HIS) 30 mM/30 mM, with 4 mmol 18-crown-6 and 0.1% methyl cellulose at 6.0 pH [47] . Both synthetic and extracted soil sample solutions were tested. The synthetic solution included a mixture of KNO 3 and Na 2 SO 4 (each with 50 μM) in deionized (DI) water to evaluate the ability of the sensor to separate different ions, and different concentration solutions of KNO 3 in DI water to test the ability of the sensor to quantify nitrate ion concentrations.
Two types of real samples were prepared. The real sample of the first type (Type 1) was extracted from the soil samples collected at different locations of a Z.mays (type of maize) farm field at the Agricultural Engineering and Agronomy Research Farm (Boone, Iowa). Briefly, 10 g of field moist soil was weighed in a specimen cup. 50 mL of DI water was then added to the specimen cup and shaken on a reciprocal shaker for 1 hr. After shaking, the solution was filtered using Whatman #1 filter paper and the filtrates were collected, diluted with DI water at ratio 1 to 10, and stored at 4°C until taken out for injection into the electrophoretic microchip [48] .
The real sample solution of the second type (Type 2) was collected directly from soils by the presented soil solution extraction unit. The suction head was insert into the soil, with the extraction unit running for 1 hour to extract about 20 μL of soil solution under the soil water potential of −13 kPa.
To perform the ion concentration measurement on the electrophoretic microchip, the MES/HIS buffer solution was loaded into both the microfluidic channels by using a 3 mL syringe (Becton Dickinson, NJ, USA) with a microbore tubing (Cole-Parmer, IL, USA). Subsequently, a specific sample solution was placed at the inlet of the microchip using a pipette (Thermo Scientific, MA, USA). Next, the sample solution was injected into the shorter channel by generating and applying a 200 V between the sample inlet and the sample waste outlet for 6 sec to allow filling the intersection. Subsequently, ion separation was carried out by applying 500 V between the buffer reservoir and the buffer waste reservoir for 450 sec. The conductivity detection at the electrode was performed using a 5 mV p−p excitation voltage at 62 kHz. After each test-run, the microchip was rinsed with 1 mL buffer solution for 10 times. 
IV. RESULTS AND DISCUSSION
A. Separation of Ions
B. Sensitivity and Detection-Limit From Single Ion Detection
For the sensitivity and the detection-limit analysis, nitrate sensing was performed using the synthetic nitrate solutions of concentrations 20, 40, 60, 80, and 100 mM. Each solution was loaded into the same microchip for 3 different detection runs. Fig. 7(a) shows the peaks corresponding to 20, 40, 60, 80, and 100 μM of nitrate ion concentrations, all of which appeared around the same time (187±3 s), indicating the high temporal accuracy of the sensor for a given ion species. Furthermore, the five nitrate concentrations can be clearly distinguished by their corresponding peak levels. Fig. 7(b) demonstrates that the voltage output of the sensor is almost linear to the input nitrate concentration. A linear fit of the data (Fig. 7(b) ) indicates that the sensitivity of the sensor for the detection of the nitrate ions is approximately 0.0915 mV/μM.
The limit of detection (LOD) of the presented sensor is defined to be three times the standard deviation over the average of the voltage readout, in the absence of any analyte. The noise floor of the sensor is 0.30 ± 0.12 mV. Therefore, according to the above-mentioned definition, the LOD of the sensor is equivalent to a nitrate concentration that will result in an output voltage of 0.3 + (3 × 0.12) mV = 0.66 mV. This corresponds to LOD of around 7.25 μM. As shown in the inset of Fig. 7(a) , it is also confirmed that the minimum detectable nitrate concentration of this sensor is 7.25 μM, which is an improvement compared to some previously reported values [50] , and much lower than the amount found in agricultural soil. While this LOD is slightly higher than some ISE-based and enzymatic electrochemical sensors [26] , the electrophoretic sensor has the advantage of being label-free, thereby eliminating the limit on sensor life due to the limited life of the ion selective materials.
C. Soil Solution Testing
The developed sensor was used to detect the major anions in the two types of real sample solutions collected from the soils. As mentioned in Section III, the first-type soil sample solution was obtained through the standard shaking and filtering process, and the second-type soil sample solution was collected directly by the developed extraction unit. Fig. 8 shows the result corresponding to the separated anions, under the applied electrical field, detected as time-separated voltage peaks, and served as a proof-of-principle.
In order to identify the ion types corresponding to the observed peaks, we tested four types of standard solutions independently using the microchip, each solution included only a single type of anion: chloride (Cl − ), nitrate (NO − 3 ), sulphate (SO4 2− ), and dihydrogen phosphate (H 2 PO − 4 ), respectively ( Fig. 8 (a) ). These included the three important nutrients (nitrogen, phosphorus, and sulphur), plus chlorine that is considered to be the main interfering species for nitrogen. Although there are more than 4 peaks, especially in the solution extracted using a standard method, at this point only the four ions were cared to identify, for demonstrating a proofof-principle. As discussed below, the 0.15 μm mean pore size of the extraction unit's suction head is able to filter out many extraneous particles/microbes.
The measured peaks for the 4 known ions were mapped against the results of the soil sample solution tests (Fig 8(b) (c) ). The difference between plots in Fig. 8(b) versus in Fig. 8(c) revealed a notable fact that the different extraction methods can yield different number of ion species. In fact, the ones present in the solution obtained through a standard extraction method (in Fig. 8(b) ) are not the same as the ones available to the plants. On the other hand, since the soil solution extraction unit works on the principle of the water potential difference, and which is how the plants are also able to ingest nutrients, the solution extracted using the extraction unit provides a more realistic picture of what soil ions may be available to the plants. Furthermore, since the pore size (0.15 μm) of the suction head used in the extraction unit is much smaller than the pore size of Whatman #1 filter paper (11 μm) used in the standard solution extraction method, more extraneous particles/microbes were filtered out by the extraction unit, which also explains the fewer number of detected peaks in the solution extracted by the suction unit.
Using the result of mapping of the plots corresponding to the 4 known ion types against those of the two extracted solutions (Fig. 8(b)(c) ), the peaks were labeled in Fig. 8 accordingly.
It is clear from the figure that the four ions in questions could be separated from each other, including nitrogen from chlorine. Furthermore, using the calibration plot in Fig. 7(b) , the detected nitrate concentration in the soil sample was found to be 210.3 ± 3.52 μM, which is within a 9% error-margin of the concentration value 191.2 ± 2.39μM obtained using a sophisticated benchtop ultraviolet spectrophotometer. The slightly higher measured value for nitrate can be understood as follows: due to the closeness of the mobilities of chloride and nitrate (as noted from the proximity of their peaks), some residual chloride ions passed through the detection area while the nitrate ions started to go through that area, resulting in a slightly enhanced signal. In order to correct for such enhancement due to the overlap of the ions, one possible method would be to mathematically characterize the overlap, and algorithmically correct the reported value of the nitrate concentration. Another approach would be to increase the length of the separation channel to allow a larger gap between the two peaks and their better separation. Both these approaches are directions for future research.
V. CONCLUSION
A microfluidic microchip nutrient sensing system was developed to extract, separate, detect, and quantify nutrient ions in soil sample solutions. The system can be used for extracting and testing analytes from other sources (e.g., water). Using this system, a mixture of anions present in the soil solution extracted using the new suction unit as well as from an existing standard method was separated and detected via distinguishing peaks, separated over time. Further, a good linear relation between a single ion (nitrate) concentration and detected signal peak was demonstrated. This together with a limit of detection of ∼7.25 μM for nitrate ions demonstrated a good performance of the proposed detection system. The design and implementation of the soil solution extraction unit makes the entire sensing system suited for in situ applications. The extraction unit is driven by the water potential gradient, matching how the plants ingest nutrients, unlike the standard soil solution extraction methods. Also the smaller-sized pores in the suction heads ensures that many of the impurities (particles/microbes) are automatically filtered out. In order to make the sensing system fully ready for an in situ adoption, it would additionally require its integration with a wireless communication unit, such as one reported in [4] . A fully integrated sensing system has great prospects in nutrient management for precision farming.
Future research work would include (i) integrating the electrophoretic microchip sensor system with the soil solution extraction unit, a pumping unit for delivery of buffer solution and waste, external storage and waste reservoirs, and a wireless communication capability to realize a finished prototype for in situ soil nutrient monitoring, (ii) improving the microchip design, e.g., thinning down the glass substrate to further increase the output signal strength and thereby the sensitivity and LOD, (iii) optimizing the detection circuit to reduce noise floor and thus further lowering the detection limit of the system, and (iv) expanding the ability of the device to detect and quantify also the cations besides the anions. (F'07) 
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